Wollastonite fibers were tested in vitro for their ability to produce reactive oxygen species (ROS) with two different systems: a cell-free reactive mixture containing deoxyribose and a polymorphonuclear leukocyte suspension. After adding the fibers, we measured the thiobarbituric acid-reactive substances produced by deoxyribose degradation and luminol-enhanced chemiluminescence, respectively. Compared with asbestos, wollastonite fibers produced higher ROS levels both in the PMN suspensions and in the cell-free reactive mixtures. A large amount of these ROS were not hydroxyl radicals. Indeed we obtained remarkable differences in ROS generation between unground and ground wollastonite fibers and negative results with fibers modified with ferric chloride and dithionite. In addition, ROS generation was partially inhibited (by 46 -54%) in the reactions performed in the presence of 1,3-dimethyl-2-thiourea (DMTU), a strong hydroxyl radical scavenger. Wollastonite fibers were also analyzed for their ability to lyse erythrocytes and activate complement. Hemolytic potency was about twice that of chrysotile and half that of crocidolite. The levels of complement activation (via the alternate pathway) were about four-fifths of those measured in zymosan-activated plasma (a typical stimulus used to activate the alternate pathway), equal to those obtained with crocidolite, and two-thirds of those found with chrysotile. The addition of DMTU markedly reduced both these activities. Since asbestos fiber toxicity is mainly due to hydroxyl radical generation, our results indicate that wollastonite fibers are probably less toxic than asbestos fibers.
Wollastonite was first utilized in mineral wool production. After 1950, ceramics, paints, plastics, synthetic rubbers, abrasives, and products for metallurgic applications made of wollastonite began to appear on the market. Asbestos has been banned in many countries, and its use will probably be further curtailed in the near future. Wollastonite, with its high thermal resistance, is destined to attract great attention since it can replace asbestos in many applications.
Wollastonite is produced in a variety of grades. Coarser grades are used at up to 50% with other fillers, binders, and organic fibers in heat-containment panels, ceiling and floor tiling, and high-temperature appliances.
As an asbestos substitute, wollastonite (long fibers) is used in particular to produce fiber-reinforced cements (Hodgson, 1993) , friction products such as brake pistons, linings and clutches, and gaskets (Fattah, 1994) .
There is compelling evidence that the generation of reactive oxygen species (ROS), especially hydroxyl radicals, from the surface of asbestos fibers is associated with toxicity in vitro and toxicity and/or carcinogenicity in vivo (Kamp et al., 1992; Ryrfeldt et al., 1993; Zalma et al., 1987a; Vallyathan et al., 1992; Vallyathan, 1994; Ghio et al., 1996) . By contrast, information on the toxic effects of wollastonite fibers is still scarce. Recently an IARC Working Group (IARC, 1997) concluded that the few available studies are not sufficient to make an adequate evaluation of the carcinogenicity of wollastonite. As for wollastonite fibers, the Working Group quoted only the research of Stanton and Wrench (1972) , who performed intrapleural implantations of four different batches of wollastonite in rats. A slight increase in the incidence of pleural sarcoma was observed with three of them that contained increasing concentrations of fibers, while no tumor arose with the sample containing the smaller amount of fibers.
The present studies were conducted to compare the in vitro activity of wollastonite fibers with that of asbestos fibers in three different parameters that could relate to in vivo toxicity: generation of ROS, lysis of erythrocytes, and activation of complement. Tables 1  and 2. The pattern observed by the energy-dispersive X-ray analysis of random spots agreed with the analytical chemical data.
Canadian chrysotile type B and crocidolite were kindly provided by UICC (Geneva, Switzerland).
The specific surface area of wollastonite and asbestos fibers was measured using the nitrogen adsorption isotherm technique (Brunauer et al., 1938) . The samples were degased at 90°C for 16 h and then examined with a Sorpty 1750 (Fison Instruments, Milano, Italy); free space was determined with helium.
The results are given in Table 3 . The measures obtained with asbestos fibers were basically equivalent to those found by Timbrell (1970) , who has also shown the characteristics of these types of asbestos.
In our in vitro systems we tested equal specific surface areas of each type of mineral. On the basis of the results (Table 3) , for each type of mineral fiber we weighed a quantity in milligrams equivalent to the number of cm 2 that we wanted to assay.
Ground mineral fibers. Part of the tested minerals was ground in a mortar with a pestle (both made of agata) for 2-5 min immediately before the test, according to Valavanidis et al. (1996) . Preliminary experiments (data not shown) indicated that this procedure does not produce appreciable changes in specific surface area.
Surface-modified wollastonite fibers. They were obtained by pretreatment with ferric chloride or sodium dithionite according to Ghio et al. (1994a, b) . The amount of complexed iron present on the surface of these fibers was calculated as the difference between the concentration of the supernatants of the solutions where the fibers had been suspended and that of the control solution (Table 4) . Iron concentrations were determined using a Perkin-Elmer ZL41100 spectrophotometer equipped with a THGA graphite furnace and Zeeman background correction (Perkin-Elmer Corp. Norwalk, CT).
Measurement of reactive oxygen species in a cell-free reactive system containing deoxyribose. Generation of ROS was measured by the deoxyribose degradation assay as described by Ghio et al. (1992a) and Pritchard et al. (1996) . The reaction solution contained 1.0 mM 2-deoxy-D-ribose, 1.0 mM H 2 O 2 , 1.0 mM ascorbic acid in Hanks' balanced salt solution, without red phenol. The test was started by adding the reaction solution to tubes containing 10 cm 2 specific surface area of each type of fibers: the mixtures were incubated at 37°C for 60 min with occasional shaking. The thiobarbituric acid (TBA)-reactive products were quantified by measuring absorbance at 532 nm with a Beckman DU50 spectrophotometer (Beckman Analytical SpA, Milan, Italy). The assays were also performed with 1,3-dimethyl-2-thiourea (DMTU) and desferoxamine added to the reaction mixture at final concentrations of 20 and 2.5 mM, respectively.
Measurement of reactive oxygen species from suspensions. Peripheral venous blood was withdrawn from apparently healthy human volunteers (age range, 25-45 years). It was collected in tubes containing 0.1 M EDTA (7:1, v/v) and immediately mixed with 1.8 ml of an erythrocyte sedimentating agent (Hetastarch); then polymorphonuclear leukocytes (PMN) were isolated from the supernatant fraction by Histopaque-1077 density centrifugation. After lysis of the residual erythrocytes, sedimented cells were washed twice and resuspended in RPMI 1640 without red phenol at pH 7.4. These cells contained more than 95% PMN as assessed by Wright-Giemsa (Carlo Erba, Milan, Italy)-stained smears, and their level of viability exceeded 94% by the method of Aeschbacher et al. (1986) using fluorescein diacetate and ethidium bromide.
The ROS generated after the addition of fibers to the cell suspensions were measured by luminol-enhanced chemiluminescence (CL) using the Hedenborg and Klockars (1987) system, slightly modified as described elsewhere (Gov- 
TABLE 2 Diameter Distribution of Wollastonite Fibers
Diameter in m Percentage Ͻ1.5 9.6 1.5-3.0 34.0 3.0-4.5 29.5 4.5-6.0 15.0 6.0-7.5 6.7 7.5-9.0 3.0
Note. The percentage relative frequency was calculated by counting 1000 fibers under the SEM. erna et al., 1995) . The reactions were started by adding the final PMN suspensions (5 ϫ 10 5 cells), and the luminol (Aldrich Chimica Milan, Italy) at a concentration of 10 Ϫ5 M, to tubes containing 10 cm 2 specific surface area of each mineral. The reactions were run at 37°C for 16 min and light emission was recorded at 1-min intervals with an LKB-Wallac Luminometer 1251 (Wallac Oy, Turku, Finland) interfaced with an IBM PC. Total light emission during the reaction was calculated from the area under the CL emission curves with the Phagocytosis Program SOO-15-1251, according to Simpson's rule (Van Dyke and Van Dyke, 1985) . In each experiment, a single suspension of PMN obtained from a single donor was used. Since the ability to produce CL may vary between suspensions according to cell activation (Babior, 1992) , values are given as percentages of the light emission recorded from the control cells, to which no mineral particles had been added. This allowed us to compare the results of the different experiments.
Hemolytic activity assay. The method described by Nolan et al. (1981) was used to test fiber activity at doses from 50 to 400 cm 2 of specific surface area per milliliter. The tubes containing the human erythrocytes and the fibers in veronal-buffered solutions were placed in a revolving drum and incubated at 37°C for 2 h. Then they were centrifuged and the absorbance of the supernatants was determined at 530 nm. In another set of tests, DMTU was added to the erythrocyte suspensions at final concentrations of 0.5 and 5 mM just before fiber addition.
Complement activation assay. By a method described elsewhere (Governa et al., 1988) , we tested the ability of mineral fibers (from 50 to 400 cm 2 specific surface area) to elicit from 1 ml of NHS complement-derived cleavage C5 fragments, which stimulate PMN chemotaxis. The tubes containing serum and fibers were vortexed and incubated in a shaking water bath, first at 37°C for 30 min and then at 56°C for 30 min. After centrifugation, the supernatants were removed and tested for their ability to stimulate human PMN chemotaxis using a modified Boyden technique. The results are expressed as the chemotactic index calculated according to Hill et al. (1975) . In other tests, DMTU was added to NHS at final concentrations of 0.5 and 5 mM just before the addition of wollastonite fibers. We also tested the ability of wollastonite and asbestos fibers to elicit C5 chemotactic fragments from NHS chelated with EGTA or EDTA. The preparation of chelated sera was carried out according to Fine et al. (1972) .
Statistical analysis.
After the variance analysis, results were compared by a Bonferroni t test (p Ͻ 0.01).
RESULTS

Generation of Reactive Oxygen Species in a Cell-Free System
The absorbance values recorded with unground and ground wollastonite fibers were significantly (p Ͻ 0.01) higher than those obtained with unground and ground chrysotile and crocidolite. With ground wollastonite, absorbance was greater than with unground wollastonite fibers. When DMTU was added to the mixtures containing unground and ground wollastonite fibers, absorbance diminished by about 47 and 63%, respectively. Desferoxamine addition determined a greater fall in absorbance, by about 88 and 91% in the mixtures containing unground and ground wollastonite fibers, respectively (Table 5 ).
In the chemical composition of wollastonite fibers, beside iron, there are minimal percentages of other transition metals which can be chelated by desferoxamine. Therefore, the greater absorbance decrease observed with desferoxamine than with DMTU may be due to an overall lower concentration of cations that have the potential to mediate TBA-reactive substance production.
Pretreatment of wollastonite with ferric chloride and dithionite showed that neither significantly alters the production of TBA-reactive substances: p ϭ 0.02 and 0.03 for untreated fibers versus fibers treated with ferric chloride and dithionite, respectively.
With chrysotile no absorbance was detected. Since the TBAreactive products are generated through an iron-catalyzed reaction (Halliwell and Gutteridge, 1981) , the dose of 10 cm 2 probably does not provide a sufficient number of iron ions to prime the catalytic process.
Generation of Reactive Oxygen Species in a Cell Suspension
For each type of mineral, the values recorded with unground fibers were significantly (p Ͻ 0.01) lower than those obtained with ground fibers, though higher than those recorded with control cell suspensions ( Table 6 ).
The CL levels recorded from cell suspensions after the addition of unground and ground wollastonite fibers were significantly (p Ͻ 0.01) higher than those measured after the addition of chrysotile and crocidolite.
Hemolysis
The results of the hemolysis assays show striking dose responses for each type of fiber (Table 7) .
From these results we performed a linear regression analysis: the equations of the lines were calculated and used to compute the concentration of each type of fiber (in cm 2 /ml) required to lyse half of the red blood cells (HC 50% of surface area). The HC 50% are listed in Table 8 .
The hemolytic effect of wollastonite fibers was much lower a Dimethylthiourea or desferoxamine was added to the reaction mixture just before wollastonite fiber addition.
than that of chrysotile and higher than that of crocidolite. It was nearly abolished by DMTU at the concentration of 5 mM, while no significant variations were observed at 0.5 mM.
Complement Activation
With wollastonite, chrysotile, and crocidolite, chemotactic activity increased with the increase in fiber concentrations (r ϭ 0.730, 0.999, and 0.920 for wollastonite, chrysotile, and crocidolite, respectively), except at the highest dose of chrysotile (Table 9) . At 400 cm 2 of chrysotile, activity diminished sharply, probably due to the excessive generation of chemotactic factors from serum, since an excess of any chemotactic factor results in receptor downregulation and unresponsiveness of the PMN (O'Flaherty et al., 1979; Blackwood et al., 1996) .
The activity of wollastonite diminished by about 35% when DMTU was added to the NHS at a concentration of 0.5 mM.
The activity levels generated by wollastonite-treated EDTAchelated serum were significantly (p Ͻ 0.01) lower than those elicited by both wollastonite-treated EGTA-chelated serum and wollastonite-treated NHS (Table 10) . Similar results were obtained with chrysotile-treated EDTA-chelated serum and crocidolite-treated EDTA-chelated serum.
DISCUSSION
Cells, reactive mixtures, and sera were challenged with wollastonite and asbestos fibers. As in previous investigations (Governa et al., 1995 (Governa et al., , 1997 , we needed to normalize the doses of mineral particles with different physical characteristics and opted for the parameter of specific surface area, since ROS production is a function of the active sites present on these surfaces (Pezerat, 1991) . By dosing the minerals on the basis of total surface area we believe that we have solved the problem Note. Activity was measured as chemotactic index calculated according to Hill et al. (1975) . Values are mean Ϯ SD of five experiments, each performed in triplicate.
a Dimethylthiourea was added to normal human serum just before wollastonite addition.
of the standardization of heterogeneous mineral particles, thereby obtaining comparable responses in our short-term in vitro experiments, where the different biodurability of each mineral can be disregarded.
The ability of asbestos fibers to generate ROS in PMN suspensions and in reactive systems containing deoxyribose is well known (Hedenborg and Klockars, 1987; Ghio et al., 1992a Ghio et al., ,b, 1994a and their effects, lytic on erythrocytes and activating on complement, have also been known for some time (Wilson et al., 1977; Saint-Remy and Cole, 1980; Brody et al., 1983; Singh et al., 1983) .
Compared with asbestos, wollastonite produced higher ROS levels in PMN suspensions, probably because the greater length of its fibers may prevent complete ingestion by phagocytes. Then, in the CL assays the frustrated PMN continued to generate and release increasing amounts of ROS into the extracellular spaces. Wollastonite fibers induced higher ROS levels also in the cell-free reactive system, where there were no PMN to produce and release ROS and so interfere with the final results. The remarkable difference in ROS generation observed between unground and ground wollastonite fibers, as well as the negative results obtained with fibers modified with ferric chloride and dithionite, indicates that a large number of the ROS generated were not hydroxyl radicals. Indeed, the production of hydroxyl radicals by mineral fibers is not enhanced by grinding, while it is modified by chemicals such as ferric chloride and dithionite, which can alter the iron arrangements on the mineral fiber surface (Fubini et al., 1995; Ghio et al., 1994a,b) . In addition, the results of the reactions performed in the presence of DMTU [a strong hydroxyl radical scavenger (Repine et al., 1981; Fox, 1984; Ohkuma et al., 1995) ] also seem to support the observation that the ROS generated by wollastonite fibers are only partly hydroxyl radicals: in these reactions, ROS production was partially inhibited (by 46 -54%), but not abolished.
As regards hemolytic potency, HC 50% of wollastonite was about twice that of chrysotile and half that of crocidolite. The HC 50% of wollastonite was still considerable, since it was about one-sixth of the HC 50% (1327 cm 2 /ml) recorded experimentally with a dust basically devoid of hemolytic effect such as barite (Vallyathan et al., 1988) . Other varieties, such as Indian and Finnish wollastonite, were also found to have lower lytic potential than chrysotile in red blood cells in vitro (Hefner and Gehring, 1975; Vallyathan et al., 1984; Collan et al., 1986; Hedenborg and Klockars, 1987; Aslam et al., 1995) .
As regards complement activation, wollastonite was studied for its ability to elicit from NHS complement-derived C5 fragments with chemoattractant activity. The C5 fragments were quantified by measuring the level of stimulated PMN chemotaxis. In NHS, wollastonite was able to generate chemoattracting factors toward normal PMN. Wollastonite's ability to elicit C5 fragments in the presence of EGTA, but not EDTA, points to the involvement in this reaction of the alternate complement pathway. Indeed, magnesium ions, which are necessary for the C.1 bypass activation (Sandberg and Osler, 1971; May and Frank, 1973) , are effectively chelated by EDTA, but not EGTA (Fine et al., 1972) . Under our experimental conditions, the levels of complement activation produced by wollastonite were about four-fifths of those measured with ZAP (a typical stimulus used to activate the alternate pathway), equal to those obtained with crocidolite, and twothirds of those found with chrysotile. In a previous study, wollastonite fibers activated complement also in rat serum and induced a chemoattractant activity toward alveolar macrophages, but this activity was lower than that induced by crocidolite and chrysotile (Warheit and Hesterberg, 1994) . Therefore, chrysotile should be richer than wollastonite in terms of the specific surface functionalities involved in complement activation. On the other hand, in vitro complement activation by incubation of crystal or solid particulates has been documented with many foreign particles other than chrysotile and wollastonite: insoluble polyanions such as sulphated Sephadex (Burger et al., 1977) , glass fibers (Governa et al., 1988) , silica and carbonyl iron (Warheit et al., 1991) , plasma expanders (Videm and Mollnes, 1994) , Sephadex G25 beads (Thomas et al., 1995) , and isometric silicon carbide particles (Governa et al., 1997) .
The addition of DMTU markedly reduced wollastonite fiber activity on both erythrocytes and complement. These findings suggest that both the wollastonite-induced hemolysis and the complement activation (via the alternate pathway) caused by wollastonite fibers are at least partly related to the formation of hydroxyl radicals. Recent experiments (Aslam et al., 1995) have identified an oxidative mechanism for the hemolytic activity of wollastonite fibers. Now our experiments indicate that the same mechanism is also involved in complement activation by wollastonite fibers. Additional studies are needed to elucidate how these fibers induce hemolysis and activate the alternate complement pathway through a relatively low hydroxyl radical generation.
In conclusion, on the surface of wollastonite fibers there are functionalites able to generate ROS of which a large amount are not hydroxyl radicals. Since asbestos toxicity is mainly due Normal human serum 55.5 Ϯ 7.6 67.6 Ϯ 8.4 75.5 Ϯ 9.5 EGTA-chelated serum 60.9 Ϯ 7.5 57.5 Ϯ 7.3 62.5 Ϯ 8.6 EDTA-chelated serum 20.1 Ϯ 3.6 21.3 Ϯ 5.9 25.0 Ϯ 6.8
Note. Activity was measured as chemotactic index calculated according to Hill et al. (1975) . Values are mean Ϯ SD of five experiments, each performed in triplicate.
to hydroxyl radical generation (Hatch et al., 1980; Weitzman and Graceffa, 1984; Goodflick and Kane, 1986; Hansen and Mossman, 1987; Zalma et al., 1987b; Mossman et al., 1990; Vallyathan et al., 1992; Janssen et al., 1994; Schapira et al., 1994; Suzuki and Hei, 1996) , we share the opinion of Nejjari et al. (1993) and Aslam et al. (1995) that wollastonite fibers are probably less toxic than asbestos fibers.
